INTRODUCTION
Flavobacterium columnare (formerly Flexibacter columnaris) is the causative agent of columnaris disease, and is the second most important pathogen in the cultured channel catfish industry in the United States (Wagner et al. 2002) . F. columnare exists in fresh and brackish water throughout the world (Plumb 1999) and affects > 36 fish species, including eels, salmonids, centrarchids, carps, minnows, perchids and aquarium fishes (Plumb 1999) . Our previous research to develop immunoassays for this disease (Shoemaker et al. 2003 (Shoemaker et al. , 2005b showed that catfish anti-F. columnare immunoglobulin levels increased in convalescent or vaccinated fish.
Experimental passive immunization has been attempted with varying results in fish, including attempts by interspecific passive transfer of immunity. Akhlaghi et al. (1996) successfully used sheep and rabbit antibody against streptococcal infection in rainbow trout Oncorhynchus mykiss, but mortalities were not reduced after passive immunization with rainbow trout antibodies against Streptococcus sp. Akhlaghi (1999) later used sheep, rabbit and trout anti -Vibrio anguillarum antibodies and was able to reduce mortality in rainbow trout due to vibriosis. Passive immunization has also been attempted in other fish species. LaFrentz et al. (2003) demonstrated protection from coldwater disease caused by Flavobacterium psychrophilum in rainbow trout using serum from convales- Resale or republication not permitted without written consent of the publisher cent trout, but was unable to produce the same effect using goat anti-F. psychrophilum serum. Lin et al. (1996) induced immunity against Ichthyophthirius multifilis (Ich) in channel catfish using murine monoclonal antibodies. Even within the same species, passive immunization has not always proven to be successful. Klesius & Sealey (1995) were unable to reduce mortality of catfish to Edwardsiella ictaluri using sera of fish that had survived infection, even though antibody titers were significantly elevated in passively immunized animals. In our earlier experiments with anti -Streptococcus iniae antibody from Nile tialpia (Shelby et al. 2002) , we demonstrated the role of immunoglobulin and protection against this pathogen by passive immunization. From these previous studies on passive immunization with whole sera from immune and normal fish, it was shown that the role of antibody in immunity against fish pathogens can be elucidated. The objective of the present study was to determine if passive immunization of channel catfish with catfish anti -Flavobacterium columnare antiserum could provide protection against columnaris disease. We included different antigen preparations in order to identify the potential antigenic determinants of F. columnare.
MATERIALS AND METHODS

Bacterium.
Flavobacterium columnare isolate ALG-00-530 was originally isolated from a diseased channel catfish Ictalurus punctatus from a commercial pond in Greensboro, Alabama, USA, and maintained in pure culture at the USDA-ARS Aquatic Animal Health Research Laboratory, Auburn, Alabama. Isolate ALG-00-530 was grown for 24 h in modified Shieh broth at 28°C with shaking at 100 rpm (Shoemaker et al. 2005a ). This isolate was grown under similar conditions and used for antibody production as well as subsequent disease challenge.
Fish. Channel catfish (NWAC 103 strain) reared at our laboratory from fry to juveniles were used as experimental animals. Prior to initiation of the study, fish were housed for 14 d in 55 l glass aquaria using flow-through water (0.5 l min -1 ), and a photoperiod was maintained on a 12 h light:12 h dark schedule. Daily water temperature averaged 25 ± 1°C, and mean daily dissolved oxygen was 5.5 ± 0.7 mg l -1 . Fish were fed daily (3 to 4% body weight) with commercial trout chow (No. 5104, Purina Mills) . Prior to initiation of this study, fish were tested by ELISA (Shoemaker et al. 2003 (Shoemaker et al. , 2005b ) and determined to be negative for antiFlavobacterium columnare antibody. The ELISA test was conducted on plastic microtiter plates (Nunc maxisorp, Nalge Nunc International) coated with 100 µl of a solution of 4 µg ml -1 of F. columnare antigen in 0.05 M sodium carbonate buffer (pH 9.6) for 1 h at 25°C. Antigen for ELISA coating was from the same batch used for the whole-cell sonicate described in detail below. Plates were then rinsed 5 times with PBST (phosphate-buffered saline, pH 7.4) + 0.05% Tween-20. Then, 100 µl of fish sera (diluted 1:800 in PBST) was placed in the antigen-coated ELISA wells, and incubated at room temperature for 30 min. Plates were rinsed as above, and mouse anti-catfish immunoglobulin monoclonal Antibody E8 (Klesius 1990 , Shoemaker et al. 2003 ) was added at a concentration of 400 ng ml -1 in PBST. After 30 min of incubation at 25°C, plates were washed with PBST. Sheep antimouse IgG peroxidase conjugate (A-5906, Sigma) was diluted 1:5000 in PBST; 100 µl was added to each well and incubated for 15 min at 25°C. Plates were rinsed with PBST and 50 µl of 3, 3', 5, 5'-tetramethylbenzidine (TMB). The peroxidase reaction was stopped after 15 min with 50 µl of 3 M H 2 SO 4 and read spectrophotometrically at 450 nm.
Columnaris antigen production. Different Flavobacterium columnare antigens were used to immunize channel catfish to produce antibody for passive transfer experiments. Briefly, F. columnare ALG-00-530 cells were grown as described above. The broth culture was centrifuged (4000 × g for 15 min), and the cells were washed in sterile PBS. Whole-cell sonicates were produced by sonicating cells 30 s on ice and adjusting to 1 mg ml -1 of protein as determined by the BCA protein assay (No. 23225, Pierce Biotechnology). The lipopolysaccharide (LPS) fraction of F. columnare ALG-00-530 was also used to immunize channel catfish. ALG-00-530 was grown in 300 ml broth as before, and the LPS was purified by the hot phenol extraction method (Maclean et al. 2001) . Antigens and antibodies were examined by Western blotting. Electrophoresis was on 4 to 20% gradient acrylamide gels (NH-21-420, Life Theraputics). Antigen samples were denatured by heating to 100°C for 5 min in sample buffer containing sodium dodecyl sulfate and mercaptoethanol (BG-165, Life Theraputics). Gels were electrophoretically transferred to polydivinylidene fluoride (PVDF) membranes (Biotrace, Gellman Laboratory) at 30 V constant voltage, at 5°C, overnight. Membranes were probed with catfish antiserum diluted 1:1000, followed by monoclonal Antibody E8 at a concentration of 2 µg ml -1 for the catfish immunoglobulin (Shoemaker et al. 2003) . The appropriate peroxidase conjugate (A9044 antimouse, Sigma-Aldrich) was used at 1:1000 and visualized with 4-chloronapthol.
Donor antibody production. The sonicated wholecell preparation was mixed 1:1 with Freund's complete adjuvant (FCA), and 100 µl was injected i.p. into 10 channel catfish (~15 g). Immunization was repeated 14 d later with Freund's incomplete adjuvant (FIA), and blood was sampled from the caudal vasculature after an additional 14 d. Anti-whole-cell catfish serum (WCC) was isolated by centrifugation at 500 × g after clotting at room temperature for 1 h and stored frozen for testing and passive immunization. All sera were heated at 56°C for 1 h in a water bath to denature complement (Drevets & Campbell 1991) . Sera were tested for anti -Flavobacterium columnare antibody by ELISA (Shoemaker et al. 2003) , prior to passive immunization. The LPS fraction was lyophilized and dissolved in sterile PBS (1 mg ml -1 w/v), mixed 1:1 with FCA, and 100 µl was injected into 5 channel catfish (~15 g). Booster immunization was with FIA and anti-LPS catfish serum (LPSC) purification and conducted as described above for the anti-sonicated cell serum preparation. An additional group of 10 fish that were not immunized provided control serum (NC).
Passive immunization. Twelve channel catfish, mean weight 4.4 g (range 3.8 to 5.6 g), were placed in 3 replicate aquaria (36 fish per treatment; 180 fish total) as previously described, and allowed to adjust for 1 wk prior to passive immunization. Then, 100 µl of each of the 3 anti -Flavobacterium columnare antisera (WCC, LPSC, NC) were injected i.p. into each fish. Three control tanks of fish were similarly injected with sterile, modified Shieh broth, which served as a sham injection control to determine any mortality resulting from handling and injection and to serve as non-immunized challenged controls. Three additional tanks of fish were used as non-injected, non-challenged controls. Forty-eight hours after passive immunization with anti -F. columnare antisera or injection with control serum and/or sterile culture media, the fish were bled to confirm the presence or absence of anti -F. columnare antibody by ELISA.
Disease challenge. Virulent Flavobacterium columnare ALG-00-530 was grown in broth culture for 24 h, as described previously, and adjusted to an optical density of 0.7 at 540 nm with sterile PBS. Samples were spiral plated on modified Shieh agar to determine colony-forming units (CFU) per milliliter. All fish, with the exception of non-challenged controls, were injected i.p. with 8.79 × 10 6 CFU fish -1 48 h after passive immunization (Klesius et al. 1999) . Fish were fed twice daily to satiation and monitored for disease signs for 14 d. Mortalities were recorded, and dead fish were removed twice daily.
Statistical analysis. Statistical differences were analyzed by SAS (SAS Institute). Significant differences in mean ELISA values and mean cumulative mortality between treatments were determined by 1-way analysis of variance (ANOVA) using the least significant difference test to determine significant differences at p < 0.05.
RESULTS AND DISCUSSION
Immune sera
Immunization of channel catfish Ictalurus punctatus with whole-cell sonicates and with phenol-extracted LPS produced a measurable humoral immune response compared to naive fish (Table 1) , with cellular antigens producing a higher measurable ELISA response then LPS antigens. Western blotting of whole cells and LPS fractions with these sera revealed distinctly different immune responses (Fig. 1) broad size range of putative protein antigens in the whole-cell preparation. The LPS fraction probed with WCC antiserum appears to show only a pair of antigenic bands at about 20 kDa. We believe that this represents the core polysaccharide. There does not appear to be a 'ladder-like' profile in the antibody response to the O-antigen as found in Flavobacterium psychrophilum (Maclean et al. 2001) and in Western blots with other gram-negative fish pathogens (Newton & Triche 1993) . Recently, LaFrentz et al. (2007) demonstrated that the previously described high-molecular size o-polysaccharide of Flavobacterium psychrophilum is actually extracellular polysaccharide glycocalyx. Using LPS antiserum, the whole-cell antigen showed a prominent low-molecular weight band around 15 kDa, which was lacking in the LPS preparation. This component is obviously lost in the hot phenol extraction procedure. Also evident are the pair of bands at 20 kDa, and polydisperse components (glycocalyx) in the higher molecular weight range. There was no antibody response detected in naive (NC) serum by Western blotting.
Passive immunization
The passively immunized catfish showed measurable levels of anti -Flavobacterium columnare antibody 48 h after administration of the immune sera (Fig. 2) . Catfish WCC and LPSC sera had ELISA optical density (OD) higher than fish administered normal serum, broth, or no serum. Levels of antigen-specific antibody at 48 h were generally reflective of the antibody measured in the immune sera.
Disease challenge
Passive immunization with catfish anti-LPS or anti-WC serum resulted in significantly reduced (p < 0.002) mortalities compared to broth-injected or normalserum-injected controls (Table 2 ). Relative percent survival (RPS) was 73 and 77 for catfish passively immunized with anti-LPS and anti-WC serum, respectively, following challenge with the homologous Flavobacterium columnare isolate. Catfish administered normal catfish serum had an RPS of 40. This value is below that estimated to afford protection (i.e. 60; Amend 1981) . We also did not detect anti -F. columnare antibody in these fish 48 h following injection of the serum (i.e. prior to challenge). LaFrentz et al. (2003) demonstrated passive transfer of anti -F. psychrophilum serum in rainbow trout Oncorhynchus mykiss, which resulted in protection against challenge with a virulent isolate of F. psychrophilum. Other studies have similarly demonstrated by passive immunization the importance of antibody in protection against other fish pathogens (Akhlaghi 1999 , Shelby et al. 2002 .
When the LPS fraction of Flavobacterium columnare was tested by Western blotting, catfish showed an antigenic response to a single low-molecular weight fraction typical of the core polysaccharide antigen. The administration of complement-free immune serum from heat-inactivated channel catfish was protective against the homologous challenge by F. columnare, suggesting that antibody is important in columnaris disease protection. 
